Optimizing escape routes during an extreme flood event is an effective way to mitigate casualties.
INTRODUCTION
proposed the stochastic queue core (SQC) model for vehicular evacuation problems, with the average travel time and the operation costs being minimized in the model. These models can be integrated, including a module for predicting the flood inundation extent and a module for evacuation planning, to assess the flood risk for the study domain and to provide information for optimal evacuation. However, these models do not consider the stability of victims in floodwaters, and they therefore have limited value in practical decision making for an effective flood evacuation response.
Previous studies indicate that the stability degree and escape speed of people in floodwaters can influence the safety and time expenditure for evacuation (Abt et al. ; Karvonen et al. ; Ishigaki et al. ; Xia et al. ) , and these influencing factors need to be considered in the module for selecting optimal escape routes.
Flood risk to people is often estimated empirically according to the magnitude of water depth, which means that the hazard degree of a human body in floodwaters depends solely on the incoming water depth. This method does not account for the effect of flow velocity on the stability of a human body, and therefore does not consider the mechanism of people instability in floodwaters. indicating that the escape speed is closely related to the water depth. Therefore, the degree of stability and escape speed of people in floodwaters needs to be calculated using hydrodynamic parameters, such as water depth and velocity, and any evacuation prediction method would be more practical and reliable if the instability mechanism of evacuees in floodwaters was included in the analysis.
In this study, a model for selecting optimal escape routes in flood-prone areas is therefore proposed. Two algorithms have been developed to determine optimal escape routes:
(i) scheme Ato find the optimal escape routes, based on established road networks, and (ii) scheme Bto design a new optimal evacuation route. The 2D hydrodynamic module was then verified against experimental data for flood flows from two physical models of an idealized city (Soares-Frãzao & Zech ) and the Toce River (Soares-Frãzao & Testa ). Finally, the proposed model was then applied to select the optimal escape routes for two overbank flood events occurring on the Lankao-Dongming floodplain (LDF) area of the LYR, with the optimal escape routes and corresponding final escape times being determined.
DESCRIPTION OF INTEGRATED MODEL FOR SELECTING OPTIMAL ESCAPE ROUTES
This section gives details of an existing 2D hydrodynamic module, the modules for assessment of the hazard degree for evacuees, the calculation of the evacuation time and determination of different escape routes. In general, these modules are integrated as follows. The temporal and spatial distributions of flood parameters, such as flow velocity and water depth, are initially provided by the 2D hydrodynamic module. Based on these flood parameters, the hazard degree and escape speed of a potential victim, within a computational cell, are then calculated using the calculation modules for the hazard degree and evacuation time of evacuees. Finally, the optimal escape route and corresponding final escape time can be obtained using the module for the determination of different escape routes. Details are given below.
2D hydrodynamic module
In order to simulate the flood inundation processes, the depthintegrated 2D shallow water equations are often used to describe flows in natural rivers, floodplain areas and other flood-prone areas, with the equations being written in a general conservative form as follows (Xia et al. a, b) :
where U ¼ vector of conserved variables; E and G ¼ con- () proposed a mechanics-based formula for the incipient velocity of a human body at toppling instability, and accounted for the effect of body buoyancy and the influence of a non-uniform vertical velocity profile acting on the human body in floodwaters, and this formula is given as: relationship is used to quantify the hazard degree, as given by:
where HD ¼ hazard degree for a human subject in flood- An empirical relationship between the water depth and the corresponding escape speed for people is given by:
where v 0 ¼ normal walking speed of adults; v E ¼ escape speed for people in floodwaters; and η ¼ reduction coefficient of 0.90. Equation (5) and 4. The flow conditions at A i at the time t are determined based on the 2D hydrodynamic module, which can be used to calculate U c and HD using Equation (3) and Equation (4), respectively. If the value of HD approaches 1.0, namely U > U c , then people in floodwaters would be in danger; otherwise the escape speed of an evacuee can be calculated using Equation (5) and then the time to traverse the segment can be determined. The same approach would be used for the next segment until the location of A iþ1 is one of the safe havens. The total time of travel along all of the segments from A 1 to A N is given by:
where t N ¼ time of travel along the segments from A 1 to A N ; t 0 ¼ initial time for evacuees to receive warning; △L i-1 ¼ length of the i-1 segment between the locations A i-1 and A i ; and v E,i-1 ¼ corresponding escape speed along the i-1 segment.
Determination of different escape routes
In the proposed model, a selection method of optimal escape routes is presented, comprising schemes A and B, under two scenarios i.e. both with and without the established road networks being considered. These two schemes are described in detail as follows.
(1) For a flood-prone area with completed road networks, the Dijkstra algorithm, which can find the shortest path between a given source node and a specified destination node, was adopted to determine the shortest route (Dijkstra ). These routes were taken to be alternative escape routes for scheme A. Then the hazard degree for an evacuee, and the corresponding escape speed for each alternative route, were calculated for a specified flood event. When the hazard degree of the route reached 0.9 for the first time, then this time was defined as the final escape time. The route with the latest final escape time was selected as the optimal escape route.
(2) For a flood-prone area with uncompleted road networks, a location was defined as the temporary safe haven if the value of HD for an evacuee is less than 0.6. These locations were zoned by the temporal and spatial distributions of the hydrodynamic parameters for different flood frequency occurrences. For a starting location in the flood-prone area, the corresponding shortest route was selected as an optimal escape route to safe havens for scheme B. These routes would provide a reference for the construction of new roads, which would be useful for both transportation and evacuation.
In these two schemes, optimal escape routes and corresponding final escape times can be obtained, which provide a scientific basis for planning evacuation. However, these methods are based more on the mechanics-based stability criterion and escape speed of evacuees, and cannot account for the complicated effects of age, gender and educational level of evacuees.
VERIFICATION OF THE HYDRODYNAMIC MODULE
In order to estimate the escape speed and corresponding flood risk to people, the flood inundation extent is the most important precondition. Therefore, the hydrodynamic hydrodynamic parameters for flooding in a scaled model environment. In the test case, the study domain was divided into 21,396 unstructured triangular cells and the mesh was locally refined around the upstream and downstream boundaries and near the reservoir, with the minimum and maximum cell areas being 10 cm 2 and 736 cm 2 , respectively.
Flood propagation in the Toce River
The initial water depth was set to 0.001 m for the dry bed of the domain and a free outflow boundary condition was applied at the downstream outlet. A constant time step of Δt ¼ 0.001 s and a constant Manning's roughness coefficient of n ¼ 0.0162 m À1/3 s (Soares-Frazão & Testa ) were adopted in the module. In addition, the minimum water depth for treating the wetting and drying fronts was set to 0.001 m for this study. Figure 8 shows the variation in the measured and calculated water levels at the sites of P 1 , P 4 , P 13 and P 19 . It can be seen that the calculated depths were in close agreement with
the measured values, with correlation coefficients of R 2 ¼ 0.84, 0.75, 0.70 and 0.88, respectively. It was concluded from these comparisons that the 2D hydrodynamic module was accurately predicting the hydrodynamic parameters in a flood-prone area with complex topography.
MODEL APPLICATION Study area
In order to determine optimal escape routes in the LDF, villages and 12,000 hm 2 of farmland being submerged, and with 160,000 people being affected. Therefore, it is important for people living on flood-prone areas to be able to escape efficiently in emergency situations. Two extreme overbank floods occurred on the LDF area in July 1958
and August 1982, with the corresponding peak discharges being 20,500 and 14,500 m 3 s À1 , respectively, at the hydrometric station of Jiahetan (Figure 9 ). The proposed model was applied to select optimal escape routes for these two overbank flood events, assuming that the discharge hydrograph entering the floodplain zone for each flood scenario was equivalent to the hydrograph at Jiahetan, minus the current bankfull discharge (7,000 m 3 s À1 ) along this reach. The locations of a flood diversion sluice, three starting locations (SL 1-3 ), two observation points (P 1 and P 2 ) and target safety areas are shown in Figure 9 . As shown in Figure 11 , the corresponding water depth was 1.2 m when the hazard degree for people at P 1 reached 1.0 at t ¼ 10.9 h; however, the corresponding water depth was 1.4 m when the hazard degree for people at P 2 was equal to 1.0 at t ¼ 35.6 h. The location of P 1 was near the flood diversion sluice, with the local velocity being higher than that at P 2 . Thus, it is more reliable to evaluate human stability using Equations (3) and (4), because people would be swept away under the condition of small water depth and large flow velocity.
In addition, the hazard degree distributions for people at t ¼ 9, 13 and 33 h are shown in Figure 12 . It can be seen that the area including the dangerous zone would increase gradually along the levee due to the relatively large slope in the southeast direction on the LDF area. All the inhabitants would be in danger at t ¼ 49 h, and they would have to escape according to the optimal route.
Determination of optimal escape routes in the '82.8' overbank flood
Optimal escape routes for scheme A
The optimal escape routes for scheme A are presented for three starting locations. As shown in Figure 9 , five alternative routes for each starting location are presented using the Dijkstra algorithm, with the optimal escape routes for scheme A being selected. The variation in the hazard degree for evacuees along the optimal routes and the worst routes for the three starting locations are shown in Figure 13 .
The duration was only about 1.5 h when the HD value increased from 0.0 to 1.0 for each escape route. However, the evacuees at SL 1 would eventually be rescued if they selected the worst route S 1 to escape and were aware of the danger before t ¼ 5.9 h, as the HD value was equal to 0.9.
Similarly, they would eventually be rescued if they were aware of the danger and selected the optimal route S 5 to escape before t ¼ 10.7 h. Therefore, the route S 5 was selected as the optimal route for SL 1 , with the corresponding final escape time being t ¼ 10.7 h. In a similar manner, the route S 9 was selected as the optimal route for SL 2, with the corresponding final escape time of t ¼ 11.7 h; and the route S 13 was selected as the optimal route for SL 3 , with the corresponding final escape time being t ¼ 14.7 h. 
Optimal escape routes for scheme B
People need to escape at SL 1 , SL 2 and SL 3 since they would be in danger if they were not aware of warnings before t ¼ 19.9, 20.7 and 22.2 h. The optimal escape routes for scheme B are presented in Figure 9 , with the corresponding final escape times being given in Table 1 . Compared with the optimal routes for scheme B, the time for inhabitants to evacuate based on the optimal times for scheme A were 2.5, 4.9 and 2.8 h, respectively, for the three routes considered. The optimal route SL 2 ∼ S 2 was close to the route SL 2 ∼ S 9 , and the optimal route SL 3 ∼ S 3 was also close to SL 3 ∼ S 13 . The results provide evidence for adjusting the existing routes slightly. However, the optimal route SL 1 ∼ S 1 , was very different from the route SL 1 ∼ S 5 . Thus, for a flood-prone area with an incomplete road network, the construction of new routes can be considered based on the current calculation results, since the routes would be useful for evacuation and transportation.
Optimal escape routes for the '58.7' overbank flood event
The optimal escape routes and corresponding final escape times were also calculated for the '58.7' overbank flood event, with the results for schemes A and B being shown Model application in the LDF area showed that optimal escape routes and corresponding final escape times were determined for three starting locations, for schemes A and B, for the '58.7' overbank flood event, which would provide about another 3 h and 5 h for issuing warnings and evacuation procedures compared with the worst escape routes. The optimal escape routes for the '82.8' and '58.7' overbank flood events were the same as for the previous three starting locations. However, the final escape time for the '58.7' overbank flood event would be earlier since there was a larger water volume and a higher peak discharge.
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